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OBJECTIVES: Estrogen has been shown to play an important protective role in non-reproductive systems, such as 
the cardiovascular system. Our aim was to observe gender differences in vivo with regard to the increase in 
macromolecular permeability and leukocyte-endothelium interaction induced by ischemia/reperfusion as well 
as in microvascular reactivity to vasoactive substances using the hamster cheek pouch preparation. 

METHODS: Thirty-six male and 36 female hamsters, 21 weeks old, were selected for this study, and their cheek 
pouches were prepared for intravital microscopy. An increase in the macromolecular permeability of post- 
capillary venules was quantified as a leakage of intravenously injected fluorescein-labeled dextran, and the 
leukocyte-endothelium interaction was measured as the number of fluorescent rolling leukocytes or leukocytes 
adherent to the venular wall, labeled with rhodamin G, during reperfusion after 30 min of local ischemia. For 
microvascular reactivity, the mean internal diameter of arterioles was evaluated after the topical application of 
different concentrations of two vasoconstrictors, phenylephrine (oti-agonist) and endothelin-1, and two 
vasodilators, acetylcholine (endothelial-dependent) and sodium nitroprusside (endothelial-independent). 

RESULTS: The increase in macromolecular permeability induced by ischemia/reperfusion was significantly lower 
in females compared with males [19 (17-22) leaks/cm^ vs. 124 (123-128) leaks/cm^ respectively, p<0.001), but 
the number of rolling or adherent leukocytes was not different between the groups. Phenylephrine-induced 
arteriolar constriction was significantly lower in females compared with males [77 (73-102)% vs. 64 (55-69)%, 
p<0.04], but there were no detectable differences in endothelin-1-dependent vasoreactivity. Additionally, 
arteriolar vasodilatation elicited by acetylcholine or sodium nitroprusside did not differ between the groups. 

CONCLUSION: The female gender could have a direct protective role in microvascular reactivity and the increase 
in macromolecular permeability induced by ischemia/reperfusion. 
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■ INTRODUCTION 

The incidence of cardiovascular disease differs signifi- 
cantly between men and women during their fertile period. 
Epidemiological studies have revealed that atherosclerosis, 
hypertension, and peripheral vascular and coronary artery 
diseases occur with greater prevalence in men and 
postmenopausal women compared with women at a fertile 
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age (1,2). The reasons for these differences are subject to 
debate, but it is conceivable that the absolute levels of 
estradiol and the different degrees of estrogen receptor 
regulation are the two major determinant factors. However, 
genetic differences may also exert effects independently of 
gonadal function (3). 

Estrogen has been shown to play an important protective 
role in non-reproductive systems such as the cardiovascular 
system. Estrogen causes vasodilation through non-genomic 
actions, resulting in rapid increases in nitric oxide (NO) 
production as well as through genomic actions by inducing 
transcription of NO synthase. These effects on NO bioavail- 
ability provide estrogen with the ability to improve arterial 
wall responsiveness following vascular injury and to inhibit 
the development of atherosclerosis by promoting re-endothe- 
lization, inhibition of smooth muscle cell proliferation, and 
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matrix deposition (4). Estrogen may also decrease systemic 
vascular resistance, improve coronary and peripheral 
endothelial function, and prevent coronary artery spasm in 
women with and without coronary atherosclerosis (5). The 
endothelium effects on the modulation of vasorelaxation are 
thought to also occur through an endothelium-derived 
hyperpolarizing factor by inducing vasodilator prostanoids 
and by inhibiting endothelin-1 production (6,7). Addition- 
ally, endothelium action could modulate myogenic vascular 
responses, resulting in the reduction of microvessel basal 
tone (8). The majority of these effects have been attributed to 
estrogen acting on two ligand-activated transcription factors, 
ER(x and ER(3, and one G-protein coupled receptor (GPR30 or 
GPER) expressed on vascular endothelial and smooth muscle 
cells (4). 

The purpose of this study was to further explore the 
previous findings detailing the cardiovascular protective 
effects of endogenous estrogens and to focus on gender 
specificities in the in vivo microcirculation. 

■ METHODS 

Experiments were performed on 36 male and 36 female 
hamsters {Mesocricetus aumtus), which were divided into six 
animals /group. Group I was used to evaluate macromole- 
cular permeability, group II was used to evaluate leukocyte- 
endothelium interactions, and the subsequent groups were 
used to assess microvascular reactivity as follows: group III, 
phenylephrine (cxi-agonist with vasoconstrictor properties); 
group IV, endothelin-1 (potent endothelial-derived vaso- 
constrictor); group V, acetylcholine (endothelial-dependent 
vasodilator); and group VI, sodium nitroprusside (endothe- 
lial-independent vasodilator). All animals were at a fertile 
age and were matched for age, without any attempt to 
classify females according to their menstrual cycle. 
Experiments were performed using animals at 21 weeks of 
age, according to the Guide for Care and Use of Laboratory 
Animals published by the US National Institute of Health 
(NIH publication No. 85-23, revised in 1996), and the 
protocol was approved by the Ethical Committee of the 
State University of Rio de Janeiro. All animals received the 
same appropriate isocaloric laboratory diet (Nuvital from 
Nuvilab, Curitiba, PR, Brazil). 

On the day of the experiment, anesthesia was induced with 
0.1-0.2 ml of sodium pentobarbital (Pentobarbital sodique, 
Sanofi, Paris, France, 60 mg/ ml), which was administered 
intraperitoneally and maintained with (x-chloralose [l,2-0- 
(2,2,2-trichlorethyliden) (x-D-glucofuranose, Merck, Darmstadt, 
Germany] at a dose of 150 mg/kg body weight/h, adminis- 
tered through a femoral vein catheter. The femoral artery was 
also cannulated to enable pressure measurements. Throughout 
and following surgery, the temperature of the animals was kept 
at 37.5 °C with a heating pad controlled by a rectal thermistor 
(LTB 750 Thermostat System, Uppsala process data AB, Sweden). 
A tracheal tube was inserted to facilitate spontaneous breathing. 

Conceptually, the hamster cheek pouch has both skeletal 
muscle and cutaneous microcirculatory beds, and in this 
study, experiments were performed with the cutaneous 
tissue to facilitate the comparison with data available in the 
literature (9,10). This part of the pouch is highly vascular- 
ized, and all classes of microcirculatory vessels can usually 
be visualized in the microscopic field with good clarity, 
thereby allowing for the comparison of effects in different 
microvascular segments. 



Cheek pouch preparation 

Cheek pouch preparations were dissected according to the 
protocol of Duling (11), as modified by Bouskela and Grampp 
(12), and mounted in an experimental chamber, where they 
were continuously superfused at a rate of 4 ml/min by a 
HEPES-supported HCO~3 buffered saline solution (composi- 
tion in mM: NaCl 110.0, KCl 4.7, CaCl2 2.0, MgS04 1.2, 
NaHCOs 18.0, HEPES 15.39, and HEPES Na^-salt 14.61) 
bubbled with 5% C02/95% N2 to keep the pH of the 
super fusate at 7.40. Throughout the experiments, the same 
gas mixture was also gently blown over the experimental 
chamber to keep the p02 level at 12-15 mmHg, monitored by 
an O2 electrode in the superfusion solution, as previously 
described (12). The temperature of the solution was kept at 
36.0 ± 0.5 °C with a circulating bath (model 8005, Polyscience, 
Niles, Illinois, USA) and (Leitz optical magnification 400 x, 
Wetzlar, Hessen, Germany) coupled to a closed-circuit TV 
system and allowed to rest for 30 min. The cheek pouch 
preparation is stable with respect to microvessel diameter, 
spontaneous arteriolar vasomotion, arteriolar blood flow, 
and functional capillary density for at least 4 h of microscopic 
observation (12). 

Ischemia/reperfusion of the cheek pouch 

Local ischemia of the cheek pouch was obtained by a cuff 
made of a thin latex tubing that was mounted around the 
neck of the everted pouch where it exits the mouth of the 
hamster; this procedure was previously validated in our 
laboratory (9,10). The placement of the cuff can be made 
without any visible interference with local blood flow. The 
intratubular pressure can be rapidly increased by air 
compression using a syringe and also rapidly decreased at 
evacuation. An intratubular pressure of 200-220 mmHg in 
the cuff resulted in a complete arrest of microvascular blood 
flow, which eventually returned to a level similar to that 
observed before occlusion. In these experiments, the 
duration of the ischemia was 30 min. 

Increase in macromolecular permeability after 
ischemia/reperfusion 

To quantify the increase in macromolecular permeability, 
30 min after completion of the preparative procedure, 
fluorescein isothiocyanate (FITC)-dextran, with a substitu- 
tion of two FITC molecules per 1,000 glucose molecules in the 
polysaccharide chain, was administered at a dose of 25 mg/ 
100 g as an intravenous injection of a 5% solution in 0.9% 
saline. The sites of leakage were defined as fluorescent spots 
with a diameter of approximately 40 jim found near post- 
capillary venules. Extra vasated material is continuously 
washed away by the superfusion solution, and consequently, 
the fluorescent spots gradually decrease (13). Before the 
ischemic period, hamsters in which the prepared area 
showed spontaneous nonfading leaks or more than 10 fading 
leaks were discarded. The number of leaks was counted 
10 min after the ischemic period because it was shown that 
the maximum number of leaks is observed at this time (9,14). 

Leukocytes rolling or sticking after ischemia/ 
reperfusion 

Three venular segments with a diameter of approximately 
40 |im each were selected for observation. Leukocytes were 
labeled in vivo with rhodamine G (10 mg/100 g body mass) 
immediately before observation, and images were recorded 
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on VHS tapes for later analysis. Rolling was defined as the 
occurrence of contact between the leukocyte and the venular 
wall, i.e., when the speed of the leukocyte in the blood- 
stream was lower than that observed for red blood cells. A 
leukocyte was considered as adherent when it did not show 
any visible movement for at least 30 s (15). 

Measurements of arteriolar reactivity 

For the evaluation of microvascular reactivity, a prepara- 
tion was considered suitable for experimentation if, under 
control conditions, there was an indication of good vascular 
tone (which, in 15 separate control tests, implied that the 
arteriolar diameter could be increased by 56 + 3% through 
topical application of papaverine, 10 jig/ ml), a brisk blood 
flow in all parts of the vascular bed including the larger veins 
(where individual erythrocytes should not be discernible in 
the blood stream images), and no tendency for leukocytes to 
adhere to the venular wall. Phenylephrine, endothelin-1, 
acetylcholine, and sodium nitroprusside (Sigma Chemicals, 
St. Louis, MO, USA) were freshly prepared for each 
experiment and applied topically, added to the superfusion 
solution, to the cheek pouch with a syringe infusion pump 22 
(model 25-2222, Harvard Apparatus, MA, USA) to avoid 
systemic effects, such as changes in blood pressure, which 
could result in biased results. For consecutive measurements, 
three arterioles were selected in each preparation, taking into 
account the potential for returning them to exactly the same 
site (based on, e.g., the presence of fat cells and bifurcations). 
Experiments were performed by taking 3-min videotape 
recordings of selected microvessels under initial control 
conditions (before the addition of any drug) and 10-15 min 
after each experimental intervention. The cumulative con- 
centrations of phenylephrine and endothelin-1 used were 
10~^, 10~^, and 10~ M, in order to create a dose-response 
curve, while the concentrations of acetylcholine and sodium 
nitroprusside used were 10"^ 10"^ and 10"^ M. Diameter 
measurements were performed using an Image Shearing 
Device (model 907, Bela Vista, CA, USA). 

Statistical analysis 

StatSoft Statistica 8.0 software was used for statistical 
analysis, and variables were tested regarding the possible 
problems associated with data distribution (i.e., normality, 
kurtosis, skewness, and homoscedasticity). 

Results are shown as medians and quartile ranges, with the 
exception of weight and blood pressure, which are shown as 
the means and standard deviations. Increases in macromo- 
lecular permeability, number of adherent or rolling leuko- 
cytes, and arteriolar diameters were analyzed by gender 
using the pairwise non-parametric Mann-Whitney U test, 
and non-parametric analysis of variance using the Kruskal- 
Wallis and Dunn's tests for post hoc comparisons was 
performed for comparisons of different concentrations and 
times. The significance level (a) used in all tests was 0.05. 

Arteriolar diameter values were transformed to percen- 
tages relative to the initial diameter measurements taken as 
baseline values, i.e., before the addition of any drug to each 
arteriole associated with each preparation. 

■ RESULTS 

Seventy-two animals (21 weeks old), 36 males and 36 
females, with a mean body mass and blood pressure, 
respectively, of 124.7 + 24.2 vs. 141.1 + 39.5 g (NS) and 
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95.2 + 1.2 vs. 95.0 + 0.8 mmHg (NS). All six study groups 
were compared according to gender, and the only group 
that presented any difference in baseline parameters was 
group V (acetylcholine), in which females had a higher body 
mass than males (187.7 + 10.4 vs. 145.2 + 7.2 g; p<0.01). 

The increase in macromolecular permeability induced by 
ischemia /reperfusion was significantly lower in females 
than in males [19 (17-22) vs. 124 (123-128) leaks/cm^; 
/:7<0.001; Figure 1], while no gender difference was noted in 
the number of rolling (p = 0.386) or adherent (j!:7 = 0.732) 
leukocytes (Figure 2). 

Before the addition of any drug, the baseline arteriolar 
diameters were similar between the groups. Males and 
females showed, respectively, the following initial arteriolar 
diameters: phenylephrine group, 34.6 (27.0-55.1) vs. 30.2 
(25.8-36.7) iim (NS); endothelin-1 group, 79.9 (52.7-104.7) vs. 
79.80 (59.0-103.5) |im (NS); acetylcholine group, 14.4 (8.7- 
19.0) vs. 13.5 (11.8-20.1) |im (NS); and sodium nitroprusside 
group, 14.5 (11.4-22.3) vs. 13.8 (9.7-21.6) jim (NS). 

Of note, we observed that arteriolar phenylephrine- 
induced vasoconstriction was significantly lower in females 
than in males at 10"^ M [77 (73-102) vs. 64 (55-69)%, jy<0.04], 
while there were no significant differences at other concen- 
trations [10"^ M (^ = 0.39), 10"^M {p = 0.31); Figure 3]. In 
contrast, arteriolar vasoconstriction due to endothelin-1 
revealed no gender differences at all concentrations tested 
[10"^ M (^ = 0.24), 10"^ M (^ = 0.94), 10"^ M (^ = 0.70); 
Figure 3]. 

Arteriolar vasodilation elicited by acetylcholine was not 
significantly different between males and females at all 
concentrations tested [10"^ M (^ = 0.82), 10"^ M {p = 0.S2), 
10~^ M {p = 0.70); Figure 4], similar to the results associated 
with sodium nitroprusside [10"^ M (^ = 0.82), 10"^ M 
{p = 0.70l 10"^ M ip = 0.S2); Figure 4]. 

■ DISCUSSION 

Ischemia of the cheek pouch for 30 min followed by 
reperfusion is able to induce leukocyte adhesion and 
increase plasma extravasations in post-capillary venules 
(16). In this study, we observed a significant decrease in 
microvascular permeability to macromolecules in females 
compared with males without a concomitant reduction in 
the number of rolling or adherent leukocytes. 

Endothelial cells (ECs) form a barrier between blood and 
tissue environments and control the movement of blood and 
immune cells, plasma fluid, small molecules, and proteins 
between the vascular compartment and the extracellular 
space. In continuous, non-fenestrated endothelium, the 
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Figure 1 - An increase in macromolecular permeability induced 
by ischemia/reperfusion. 
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Figure 2 - The number of rolling/adherent leukocytes induced by ischemia/reperfusion. 



routes of passage are (a) transcellular through the EC 
membranes and cytoplasm, (b) transcellular via vesicles that 
traverse the endothelium, and (c) paracellular at junctions 
between ECs (17). The paracellular pathway is the most 
understood route, where junctional complexes are composed 
of tight (TJ), adherens (AJ), and gap junctions that create a 
physiological intercellular barrier. It has become increasingly 
clear that the changes /shifts in the function and regulation of 
these respective TJ and AJ proteins contribute to paracellular 
regulation and are important for vascular integrity and 
function (18,19). Additionally, the role of estrogens in these 
structures is now under investigation. 

Mitochondrial oxidative stress caused by reactive oxygen 
species (ROS) generation after ischemia/reperfusion injury 
has been shown to regulate the mitochondrial release of 
cytochrome C into the cytosol, leading to the activation of 
caspase-3, which cleaves the endothelial cell AJ protein (3- 
catenin (20). The cleavage of (3-catenin is thought to be a key 
regulator of cell-cell adhesion and therefore the loss of this 
important AJ protein results in barrier dysfunction and 
hyperpermeability. 17(3-estradiol has been shown to inhibit 
important components of the intrinsic apoptotic signaling 
pathway, causing increased mitochondrial (ROS) formation, 
decreased mitochondrial transmembrane potential, mito- 
chondrial release of cytochrome C, and activation of 
caspase-3 (21). In humans, another mechanism contributing 
to the antioxidant effect of estrogens was observed in young 
women recruited for in vitro fertilization, where increased 
estrogen levels led to enhanced manganese superoxide 
dismutase (SOD) and extracellular (EC)-SOD expression in 




* p<0.04 Phenylephrine Concentration 



circulating monocytes (22). It should also be noted that a 
previous study demonstrated that the administration of 
SOD isoforms, specifically EC-SOD and copper-zinc SOD, 
was able to reduce the post-ischemic permeability increase 
in the hamster cheek pouch, demonstrating that reperfusion 
injury could be related to the formation of ROS (23). 

Although we have not been able to prove the mechanisms 
involved in estrogen protection, our results suggest that the 
decreased microvascular permeability observed in females 
could be dependent on an up-regulation of transmembrane 
proteins, leading to reinforcement of the structural integrity 
of TJs and AJs, as well as inhibition of all important 
components of the intrinsic apoptotic signaling pathway. 
However, this hypothesis remains to be validated. 

The control of reactivity and tonus strongly depends on 
endothelial and smooth muscle cells and their interactions. 
These cells express adrenergic receptors (ex, e, (3, and their 
subt3Apes) in variable amounts, depending on the vascular bed. 
S3mipathetic neurons release catecholamines, and their effects 
depend on the type of receptor activated; for example, 
stimulation of cxi receptors (e.g., by phenylephrine) promotes 
vasoconstriction (24). Animal and human models have shown 
that there are gender differences in adrenergic vasomotor 
responses, although the results are conflicting. Some studies did 
not show significant differences in vasoreactivity after adrener- 
gic stimuli between genders, while other studies demonstrated 
that the female vasculature is less responsive to norepinephrine- 
and phenylephrine-induced vasoconstriction (25-27). It is 
possible that these conflicting results could be explained by 
different concentrations of circulating sex hormones. 
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Figure 3 - Arteriolar vasoconstriction induced by phenylephrine and endothelin-1 according to dose. 
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Figure 4 - Arteriolar vasodilation induced by acetylcholine and sodium nitroprusside according to dose. 



Sex hormone receptors are present in many vascular beds 
and act through genomic and non-genomic mechanisms. 
Among these receptors, it appears that the estrogen receptor 
has the most prominent action due to its potent endothelial- 
dependent vasodilatation effect and vasoconstriction resis- 
tance (28). A comparison of castrated and non-castrated 
male rats demonstrated that there was no difference in 
vascular contraction following castration; however, when 
comparing intact and ovarectomized female rats, the latter 
demonstrated increased vasoconstriction in response to 
stimuli (8). 

The present study showed that, in both genders, there 
was significant, dose-dependent vasoconstriction induced 
by phenylephrine but that this effect was less pronounced in 
females, thereby supporting previous findings (25,26). 
Contrary to previous studies (29-31), we did not detect 
any gender differences with regard to secondary vascular 
responses to acetylcholine, sodium nitroprusside, and 
endothelin-1. These findings could be due to the hetero- 
geneity observed in the microcirculation in vivo, where 
several physiological mechanisms are involved simulta- 
neously and may reveal different results. Additionally, 
there are controversial studies concerning the action of 
endothelin-1, with some researchers observing reduced 
vasoconstriction in males (30) and other researchers obser- 
ving it in females (32). In our study, the vasoconstriction 
elicited by endothelin-1 was not significantly different 
between males and females. With respect to microvascular 
reactivity after acetylcholine administration, the literature 
has more consistent positive findings in females (29), which 
we were unable to reproduce in our study. It is possible that 
the higher body mass of females compared with males may 
have biased our results in acetylcholine group. Finally, it is 
well-known that the action of an endothelium-independent 
stimulus is less evident when an atherosclerotic process is 
already present. It is possible that if the animals had been 
older or had a pro-atherosclerotic disease, such as diabetes 
mellitus, we may have found gender differences at micro- 
circulation after sodium nitroprusside administration. Other 
limitations of the study should also be highlighted. The 
unawareness of the menstrual cycle period of females may 
have influenced the microvascular reactivity (33), although 
some researchers still consider this a controversial issue (34). 
Moreover, the reduced number of animals in each group 
may have limited our ability to observe differences. 

Gender differences in the microvascular bed were 
observed in this study, and according to our findings, 
we conclude that the female gender seemed to exhibit 



microvascular protection, exhibited as lower microvascular 
permeability to macromolecules induced by ischemia/ 
reperfusion and reduced microvascular constriction elicited 
by a phenylephrine stimulus. 
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